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Alphaviruses have the ability to induce cell–cell fusion after exposure to acid pH. This observation has served as an article of proof that
these membrane-containing viruses infect cells by fusion of the virus membrane with a host cell membrane upon exposure to acid pH after
incorporation into a cell endosome. We have investigated the requirements for the induction of virus-mediated, low pH-induced cell–cell
fusion and cell–virus fusion. We have correlated the pH requirements for this process to structural changes they produce in the virus by
electron cryo-microscopy. We found that exposure to acid pH was required to establish conditions for membrane fusion but that membrane
fusion did not occur until return to neutral pH. Electron cryo-microscopy revealed dramatic changes in the structure of the virion as it was
moved to acid pH and then returned to neutral pH. None of these treatments resulted in the disassembly of the virus protein icosahedral shell
that is a requisite for the process of virus membrane–cell membrane fusion. The appearance of a prominent protruding structure upon
exposure to acid pH and its disappearance upon return to neutral pH suggested that the production of a ‘‘pore’’-like structure at the fivefold
axis may facilitate cell penetration as has been proposed for polio (J. Virol. 74 (2000) 1342) and human rhino virus (Mol. Cell 10 (2002)
317). This transient structural change also provided an explanation for how membrane fusion occurs after return to neutral pH. Examination
of virus–cell complexes at neutral pH supported the contention that infection occurs at the cell surface at neutral pH by the production of a
virus structure that breaches the plasma membrane bilayer. These data suggest an alternative route of infection for Sindbis virus that occurs by
a process that does not involve membrane fusion and does not require disassembly of the virus protein shell.
D 2004 Elsevier Inc. All rights reserved.Keywords: Sindbis virus; Electron cryo-microscopy; pH conditions; Structure; Infection; Membrane fusion
Introduction Fusion is believed to be mediated by virus membrane-It is widely accepted that enveloped viruses use their
membranes to infect host cells by a mechanism of virus
membrane–cell membrane fusion (White et al., 1983).0042-6822/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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1 These authors contributed equally to the manuscript.associated proteins that engage the host cell membrane
and cause the two membranes to fuse, resulting in the
release of the virus genome into the host cell (Kielian and
Jungerwirth, 1990; Kielian et al., 1996; White et al., 1983).
The events leading to membrane fusion are believed to be
initiated either at the cell surface through the interaction of
the viral spike protein with a host cell receptor, or by a low
pH-triggered rearrangement in the virus membrane proteins
after binding to a receptor and incorporation into an acidic
cellular compartment through endocytosis (White, 1992).
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fusion has been established by influenza virus. The fusion
model established for flu has been applied to many other
classes of unrelated membrane-containing viruses including
alphaviruses (Glomb-Reinmund and Kielian, 1998; White et
al., 1983). The evidence supporting the acid endosome route
for alphavirus infection includes the prevention of the onset
of virus RNA synthesis by treatment of cells with agents that
prevent endosome acidification, the observation that cell–
cell fusion can be induced by exposure of virus–cell com-
plexes to acid, and particularly by the widely exploited
observation that liposomes can fuse with membranes of intact
virus at acid pH. The role that endomes play in the process of
infection has been examined in experiments employing cell
mutants defective in endosome formation. These experiments
have received extensive review (Brown and Edwards, 1992;
Glomb-Reinmund and Kielian, 1998; Kielian, 1995, 2002;
Kielian and Jungerwirth, 1990; Sieczkarski and Whittaker,
2002; Strauss and Strauss, 1994; White, 1992).
Experiments examining the interaction of virus and virus
proteins with liposomes have been especially helpful in
exploring the physical and chemical nature of the interaction
of the virion with an artificial membrane. Recently, it has
been demonstrated that the ectodomain of the alphavirus E1
glycoprotein or the ectodomain of the Flavivirus E glyco-
protein can be crystallized as trimers after interaction with
cholesterol-rich liposomes at acid pH (Gibbons et al., 2004;
Modis et al., 2004). These data have been interpreted as
supporting a model for virus infection in which the E
proteins form trimers after attachment to the membrane of
an acidified cell endosome. These trimers are thought to
function in a manner similar to trimers formed by flu HA
proteins driving the fusion of the virus membrane with the
endosomal membrane (Jardetzky and Lamb, 2004).
Although it is very well established that virus liposome
fusion occurs in an acid pH environment, it is not clear that
the liposome is a valid model for examining the interaction
of the virion with a living cell. The liposome system does
not provide for a role of cell receptors in infection (Klimstra
et al., 2003, 1998; Strauss et al., 1994). The fusion of virus
with liposomes at acid pH is dependent upon the presence of
high concentrations of cholesterol in the target membrane
(Gibbons et al., 2004). Insects that are a primary host for
these agents do not produce cholesterol and have very little
cholesterol in their membranes (Luukkonen et al., 1973;Fig. 1. Sindbis virus-mediated cell –cell fusion from without (FFWO). Monolaye
infectious particles per cell (PFU/cell). (A) The monolayer maintained at pH 7.2 fo
in media at pH 5.3 for a period of 1 h. Fusion does not occur. (C) A monolayer id
returned to pH 7.2 for a period of 1 h. The monolayer shows massive fusion resu
(triangles) to establish conditions for virus-mediated cell fusion. The graph shows t
pH conditions for 5 min. The graph also shows the optimal pH for producing fusion
Sindbis virus-mediated cell fusion is a two-step event. Exposure to pH 5.3 establis
place. (E) Electron micrograph of thin sectioned Sindbis virus–cell complexes mai
gold conjugated antibody. Virus is labeled, the cell surface is not. (F) Electron micro
min and returned to pH 7.2 for 1 h and labeled with gold conjugated antibody as in
indicating fusion of the virus membrane with the cell membrane (magnification sRietveld et al., 1995). In addition, vertical transmission of
these viruses to male offspring (Mitchell et al., 1992) that do
not take blood meals rules out a significant role for dietary
cholesterol in the infection process. The pH optimum for
fusion of virus with liposomes appears to be a function of
the lipid composition of the target membrane. It has been
shown that flu will fuse with liposomes at pH 7.5 by
adjusting the liposome composition (Haywood and Boyer,
1985). It has been recently shown that Flavivirus will fuse
with liposomes at neutral pH if the composition of the
membrane is altered (Koschinski et al., 2003). Studies
demonstrating the formation of trimers of E ectodomains
after attachment to liposomes in an acid environment
(Gibbons et al., 2004; Modis et al., 2004) do not demon-
strate that these structures mediate the fusion event or that
they are responsible for infection.
The structural organization of the alphavirus spike gly-
coproteins (E1 and E2) make the direct application of the
fusion model established for viruses such as flu problematic.
The E1 spike protein is associated with E2 in trimers that
form an icosahedral lattice that surrounds both the virus
membrane and the virus core (Anthony and Brown, 1991;
Paredes et al., 1998; Pletnev et al., 2001; Zhang et al.,
2002). This rigid icosahedral lattice distinguishes the alpha-
viruses from other viruses that are believed to enter cells by
low pH-mediated cell fusion such as influenza virus. Flu
does not have the lateral membrane protein interactions,
which stabilize the icosahedral symmetry in the envelope of
alphaviruses (Anthony et al., 1992). The hydrophobic amino
acids (amino acids E1 79–98), which make up the putative
fusogenic domain of the Sindbis E1 glycoprotein, are
located internally rather than at the amino terminus of the
putative fusion protein as is the case in flu (Duffus et al.,
1995; Levy-Mintz and Kielian, 1991). To facilitate the
fusion of the virus membrane with the cell membrane, the
lattice formed by the lateral association of the membrane
glycoproteins must be disassembled, as must the transmem-
branal interaction of the E2 glycoprotein with the capsid
protein (Lee and Brown, 1994; Lee et al., 1996). These
hypothetical events would allow the necessary host mem-
brane–virus membrane interaction required for fusion.
We have reexamined the events that lead to alphavirus
membrane–cell membrane fusion mediated by exposure to
acid pH. We have correlated those events to changes in virus
structure by electron cryo-microscopy. Our results suggestrs of BHK cells have associated Sindbis virus at a concentration of 1000
r 1 h. Fusion does not occur. (B) An identical virus-treated monolayer placed
entical to that shown in (A), which was placed at pH 5.3 for 5 min and then
lting in the formation of large polycaryons. (D) Exposure to decreasing pH
he amount of fusion produced in 1 h at pH 7.2 after exposure to various low
in 1 h after a 5-min exposure to pH 5.3 (boxes). The experiment shows that
hes conditions for membrane fusion; return to pH 6.8 allows fusion to take
ntained at pH 5.3 for 1 h and subsequently labeled with anti virus serum and
graph of thin sectioned Sindbis virus–cell complexes placed at pH 5.3 for 5
(E). Intact and empty (E) virus are visible and the cell membrane is labeled
cale bars in (F and E) = 1000 A˚).
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employed by Sindbis virus that does not involve exposure
to low pH or the wholesale fusion of virus membrane with
the host cell membrane. Our results are very similar toresults published previously for the interaction of Flavivi-
ruses with host cells and suggest that such an alternate
pathway exists for both virus families. Our conclusions are
the same as those reached by Fan and Sefton who concluded
A.M. Paredes et al. / Virology 324 (2004) 373–386376in 1978 that Sindbis virus infects cells by a route that does
not involve membrane fusion (Fan and Sefton, 1978).Results
Alphavirus-mediated cell fusion initiated at low pH
To correlate conformational changes occurring in Sindbis
virus with the process of membrane fusion, we reexamined
the process of Sindbis virus-mediated fusion of Baby
Hamster Kidney (BHK) cells by exposure to low pH. Figs.
1A–C show monolayers of BHK cells with associated
Sindbis virus at a concentration of 1000 infectious particles
per cell (PFU/cell). Fig. 1A shows the monolayer main-
tained at pH 7.2 for 1 h as described in Methods. Cell fusion
is not seen. We have previously demonstrated that the
optimal pH for this fusion event for our strain of Sindbis
virus is pH 5.3 (Edwards and Brown, 1986). Fig. 1B shows
an identical virus-treated monolayer placed in media at pH
5.3 for a period of 1 h. Cell fusion is also not seen under
these conditions. Fig. 1C shows a monolayer identical to
that in Fig. 1A, which was placed at pH 5.3 for 5 min and
then returned to pH 7.2 for a period of 1 h. The monolayer
shows massive fusion resulting in the formation of large
polykaryons. Fig. 1D shows the low pH that is optimal for
establishing conditions for membrane fusion and the optimal
higher pH to which virus–cell complexes must be returned
to establish fusion. These results support the contention that
alphavirus-mediated cell fusion, unlike flu, occurs in a two-
step process requiring exposure first to acid pH followed by
exposure to neutral pH (Edwards and Brown, 1986).
It has been proposed that although virus-mediated cell–
cell fusion cannot be visualized at low pH, it does occur under
these conditions. Return to neutral pH conditions serves to
allow massive fusion required for visualization by light
microscopy (Glomb-Reinmund and Kielian, 1998). To ex-
amine the interaction of virus with the cell surface, directly,
we used conventional transmission electron microscopy of
thin sections of virus–cell complexes. Cells were incubated
with Sindbis virus for a period of 1 h at pH 5.3 (Fig. 1E) and
fixed at pH 5.3, or virus–cell complexes were incubated at
pH 5.3 for 5 min and returned to pH 7.2 and were fixed
immediately as described below (Fig. 1F). The resulting
virus–cell complexes were then reacted with anti-Sindbis
virus serum and gold bead conjugated goat anti rabbit IgG
serum. The anti serum detected virus antigen only on the
virions at pH 5.3. The cell surface was not labeled. After
return to pH 7.2, intact virus and empty virus particles could
still be seen associated with the cell, but the cell surface was
also labeled by the virus-specific antibody (Fig. 1F).
These results suggest that integration or redistribution of
the virus membrane proteins into the cell surface does not
occur at acid pH but occurs only after the virus–cell
complex is returned from pH 5.3 to 7.2. Studies conducted
with Semliki Forest virus suggested that fusion of the virusmembrane with the cell membrane could be seen at acid pH
(White et al., 1980). The images of virus penetration are
strikingly similar to those of virus maturation by envelop-
ment at the cell surface including the presence of nucleo-
capsids in the cell cytoplasm. Such structures were not seen
in this study (Fig. 1E). The differences in the studies relate
only to the process of fixation. In our study, cell–virus
complexes were fixed at pH 5.3 in the previous study the
cells were returned to pH 7.2 and fixed at pH 7.2.
The process of fusing virus membranes with cell mem-
branes after return to neutral pH is apparently very fast as
the return to neutral pH was carried out in medium contain-
ing fixative (see below). The observation that membrane
fusion induced by low pH and Sindbis virus requires return
to neutral pH is in dramatic contrast to the situation
described for influenza virus. In electron microscopy studies
similar to those presented in Fig. 1E, it was demonstrated
that flu membranes fused with cell membranes at pH 5.0
(Duzgunes et al., 1992).
Effect of pH on the structure of the outer protein shell
Electron cryo-microscopy has previously been used to
identify the critical conformational changes that occur in the
alphavirus structure as virus is exposed to the low pH
conditions associated with virus-mediated cell–cell fusion
(Ferlenghi et al., 1998; Fuller, 1995; Haag et al., 2002).
Although these experiments are informative, they have not
been definitive because they were not conducted at the pH
demonstrated to be optimum for fusion (Haag et al., 2002),
or the conditions of cryo-preservation were carried out such
that the end pH of the specimen was not known (Ferlenghi
et al., 1998; Fuller, 1995).
We have developed an experimental protocol for prepar-
ing Sindbis virus suitable for electron cryo-microscopy at
the three pH conditions utilized in the membrane fusion
experiment described above (Fig. 1). This protocol avoided
the aggregation of virus induced by low pH, which hindered
previous studies (see Methods). Images of virus in vitreous
ice corresponding to the three different pH conditions are
presented in Figs. 2A–C, and the corresponding three-
dimensional reconstructions from these images are pre-
sented in Figs. 3 and 4. The protocol employed for the
preparation of virions at pH 5.3 limited the resolution we
could obtain for these particles to about 28 A˚ (see Methods);
therefore, all reconstructions were prepared at 28 A˚ to allow
direct comparison of virus particles.
Alphaviruses are composed of outer and inner protein
shells separated by a host-derived lipid bilayer. Fig. 3A
shows the outer protein shell of the virus at neutral pH
displayed along its icosahedral threefold axis. This shell is
composed of E1–E2 heterotrimers arranged in a T = 4
icosahedral lattice with 20 strict threefold trimers and 60
quasi threefold trimers. The shell is subdivided into two
regions, the inner base or skirt region and the outer trimer
region (Fig. 3A). Although the shell is made of both E1 and
Fig. 2. Electron cryo-micrographs of (A) Sindbis at pH 7.2, (B) Sindbis virus at pH 5.3, and (C) Sindbis exposed first to pH 5.3 (5 min) and returned to pH 7.2.
Scale bar is equal to 1000 A˚.
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the outside of the virus are mainly composed of E2 (51 kDa)
although the surrounding lattice between trimers is com-
posed of mainly E1 (52 kDa) (Anthony and Brown, 1991;
Lescar et al., 2001; Pletnev et al., 2001; Zhang et al., 2002).
Although E1–E1 associations in the skirt region provide the
lateral interactions necessary for organizing the structure
into a resilient icosahedral lattice, the E2 spike proteins
organize into trimers (Pletnev et al., 2001). The tips of the
trimers are responsible for receptor recognition, and at their
carboxyl terminal ends (endodomain), E2 maintains a tight
association between the outer shell and the nucleocapsid
across the virus membrane (Lee and Brown, 1994; Lee et al.,
1996).
At neutral pH, Sindbis virus has a diameter of approx-
imately 680 A˚ (Figs. 3A, D). The characteristic E2 trimers
that decorate its surface risef50 A˚ above the surface of the
skirt region. At low pH, the virus diameter increases to
approximately 705 A˚ (Figs. 3B, E). The change in particle
size is also observed in X-ray scattering experiments of the
virus at low pH (data not shown and see Stubbs et al., 1991).
This increase in size is accompanied by a significant change
in the morphology of the surface trimers. The 20 trimers
located along the strict threefold axis have their densities
extend from the tips of each of the trimers toward the
twofold axis where they intercept with the extended tips
from the neighboring strict threefold trimers. The quasi
threefold trimers located around the fivefold axis become
distorted, and similar extensions into neighboring trimers
appear to form a continuous ring of density about the
fivefold axis. Another prominent conformational rearrange-
ment of the virus at pH 5.3 is the appearance of a protruding
densityf52 A˚ in width and 60 A˚ long from the skirt region
at the fivefold axis. This protrusion becomes the most
outwardly exposed portion of the virus (Figs. 3B and 4B).When virus at pH 5.3 is returned to pH 7.2 (Figs. 3C, F),
the structure of the virus surface reverts to a form that is
almost, but not completely, like that of virus retained at
neutral pH (Fig. 3C). The virion diameter shrinks from
about 705 A˚ to approximately 674 A˚. Most of the protrud-
ing density around the fivefold axis disappears and the skirt
region is restored to an appearance similar to that seen in
virus maintained at pH 7.2 (Figs. 3C and 4C). The quasi
threefold trimers appear deformed, although the strict three-
fold trimer appears as a tripartite ridge. The hole at the
fivefold axis, present in virus maintained at neutral pH,
reappears in this structure but is slightly larger than before
(compare Figs. 4A and C). The quasi threefold trimers have
prominent clefts between two of the three appendages that
make up the trimer (Fig. 4C). These clefts extend from the
top of the timers toward the strict threefold axis into the
skirt region. The appendages of the trimers are much shorter
than the virus maintained at neutral pH with the fivefold
appendage not reaching into the fivefold axis to the same
extent as control virus (compare Figs. 4A and C). The skirt
region also appears to be altered in that the twofold region
has a larger opening similar to a fissure caused by the
redistribution of mass density that has not returned to its
original position at pH 7.2 (Fig. 3C, arrow). In the overall
structure, the virus has also become more polyhedral
(compare Figs. 3C and F to A and D) than either the control
or pH 5.3 virus. This is the result of flattening of the skirt
region of the virus, which corresponds to the faces of the
icosahedral lattice.
The loss of the protruding structure at the fivefold axis is
interesting as the return to neutral pH also eliminates the
tendency for the virus to clump (see Methods) suggesting
that hydrophobic domains exposed at pH 5.3 are buried
upon return to pH 7.2. It is possible that the protruding
structure contains the hydrophobic domains.
Fig. 3. Conformational changes in Sindbis virus after exposure to various pH conditions. The three-dimensional structures of Sindbis virus surface at 28 A˚
resolution viewed along icosahedral threefold (A–C). Central cross section of Sindbis virus (D–F). Three dimensional structure of the Sindbis virus capsid
viewed along the icosahedral threefold axes (G–I). The reconstructions are colored according to a range of radii (key displayed) at different pH conditions. (A,
D, and G) Sindbis virus at pH 7.2. (B, E, and H) Sindbis virus at pH 5.3. (C, F, and I) Sindbis virus exposed to pH 5.3 (5 min) and returned to pH 7.2. Arrows:
(B) protrusion at the fivefold axis; (C) fissure at twofold axis; (D, E, and F) fivefold axis; (G) region of cross section occupied by the membrane bilayer.
Fig. 4. The structure of Sindbis outer protein shell restricted to the fivefold axis in three different pH environments at 28 A˚. (A) pH 7.2. (B) pH 5.3. (C)
Exposed to pH 5.3 and returned to pH 7.2.
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Fig. 5. Electron micrograph of a thin sectioned cell membrane-associated
Sindbis virion. The virus was attached to the cells at neutral pH and fixed
for electron microscopy at neutral pH. The virion has lost its electron dense
RNA containing core. Magnification scale bar is 500 A˚.
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The 49S single-stranded and positive polarity RNA is
encapsidated by the 30 kDa inner shell capsid protein to
form the nucleocapsid (Fig. 3G). The classic morphology of
the alphavirus nucleocapsid is shown in Fig. 3G. As
conformational changes occur at the surface of Sindbis,
rearrangements also take place at the surface of the nucle-
ocapsid (Figs. 3H, I). Low pH treatment causes the virus
superstructure to increase in diameter. This increase in size
is also reflected in the nucleocapsid. The nucleocapsid
expands from an initial diameter of 380 A˚ to approximately
440 A˚ at pH 5.3 (Figs. 3G, H). The untreated nucleocapsid
is comprised of monomers of capsid proteins arranged into
pentamers about the fivefold vertices and hexamers about
the twofold edges that define the typical T = 4 icosahedral
lattice (Fig. 3G). At pH 5.3, the morphology of both the
hexamers and pentamers is altered. These structures develop
ridges that extend around the outer surface of both pentam-
ers and hexamers. These ridges account for much of the
increased size of the nucleocapsid. Both the hexamers and
pentamers are deformed when compared with their corres-
ponding untreated structures (Fig. 3H).
The nucleocapsid also undergoes structural rearrange-
ments (Fig. 3I) when the virus is returned to neutral pH after
treatment at pH 5.3. The nucleocapsid assumes a distinct
structure unlike the previous nucleocapsid structures (Fig.
3I). The outer surface density of the nucleocapsid is no
longer resolved from the membrane (Fig. 3F) as it was in the
other two structures (Figs. 3D, E).
Transmission electron microscopy of Sindbis virus–cell
complexes
The acid pH-induced appearance of the protruding struc-
ture at the fivefold axis of symmetry is reminiscent of the
appearance, during infection, of a similar structure at the
fivefold axis of Polio virus (Belnap et al., 2000) and Human
Rhino virus (Hewat et al., 2002). The appearance of this
structure in Rhino virus is also induced by exposure to low
pH (Giranda et al., 1992) as it is with Sindbis virus (Fig.
4B). These data suggested to us that Sindbis virus might
employ a pathway of infection similar to that proposed for
Polio virus. This would involve the direct penetration of the
cell plasma membrane by the RNA passing through a
‘‘pore’’ formed in response to interaction of the virus with
a cell receptor. We use pore in quotation to acknowledge
that our structure is consistent with the existence of a pore,
but at the resolution of the cryo-EM, we cannot see the
empty interior.
If Sindbis virus penetrates cells in the absence of virus
membrane–cell membrane fusion, it should be possible to
see ‘‘empty’’ virions attached to cells. If penetration does
not require low pH, such structures should be seen on the
cell surface at neutral pH conditions. In principle, these
empty virus particles may be structurally unstable, and even
A.M. Paredes et al. / Vif they do not ‘‘fall apart’’ after the loss of the RNA, it may
not be possible to distinguish them from fragments of cell
membrane. Fig. 5 shows a Sindbis virus particle attached to
the surface of a BHK cell at pH 7.2. The structure has the
size and shape of a Sindbis virion and it has lost its electron
dense center indicating the loss of RNA. This structure is
remarkably similar to images produced by the interaction of
Dengue and Japanese encephalitis viruses with cell surface
at neutral pH (Hase et al., 1989a,1989b). It would improve
the quality of these data if it could be shown that the empty
structures contain virus structural proteins. To optimize the
probability to see empty particles, we developed a protocol
to arrest the infection process and to identify the virus
membranes. Virus was attached to cells at 4 jC. The cells
were then transferred into media of specified pH at 37 jC.
The media contained 4% formaldehyde prepared from
paraformaldehyde. The intent was to create a competing
reaction between RNA injection and fixation and to allow
fixation at the end pH. It was our hope that such a protocol
might also ‘‘freeze’’ intermediates in the penetration pro-
cess. Subsequently, the cell–virus complexes were reacted
with virus-specific antiserum and gold bead (60 A˚)-conju-
gated goat anti rabbit antibodies. The cells were stained with
uranyl acetate before embedding as described in Methods.
A moderate magnification of virus–cell complexes at pH
7.2 is shown in Fig. 6A. Antibody-labeled virus with and
without electron dense cores is seen on the cell surface. We
found that 26% (of 154 total) of the attached virus appeared
empty when virus–cell complexes were brought to 37 jC at
pH 7.2; only 2–3% (of 121 total) of particles appeared
empty if monolayers were retained at 4 jC. The cell plasma
membrane does not bind antibody (as would be expected if
virus membrane fused with the cell membrane, see Fig. 1F).
In the right of the picture is a virus with an appendage
attaching it to the cell surface (Fig. 6A, arrow). An enlarged
image of a virion attached to the cell surface with its internal
Fig. 6. Electron micrographs of thin sections of Sindbis virus–cell complexes at pH 7.2. (A) Low magnification showing ‘‘full’’ and ‘‘empty’’ particles and a
particle attached by a pore to the cell surface (arrow). (B) A virion attached to the cell surface before pore formation. (C) A virion with an electron dense core
attached to the cell surface by a pore structure (arrow). (D) The pore at the vertex (V) of the protein shell penetrates the cell membrane (arrow). The virion has
reduced electron density in the core region. (E) Reorganization of virus RNA into the developing pore. (F) An empty particle with a possible RNA molecule
entering the cell (arrow). (B) An empty virion that has lost structure. Magnification scale bar (A) = 1000 A˚, all others = 500 A˚.
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surface by a structure that appears in cross section as a tube
or pore is shown in Fig. 6C. The tubular appendage appears
to develop at the vertex of the icosahedron, as shown by the
angular appearance of the semitransparent core in Fig. 6D,
and the structure appears to engage and cross the cell plasma
membrane (Fig. 6D). The tubular structure has a range of
size varying from as narrow as 52 A˚ to as wide as 150 A˚.
The variation was found to produce two size classes.
Particles that possessed an electron dense center indicating
the presences of an RNA core (e.g., Fig. 6C) had an average
width of 60 A˚. Particles that had reduced electron density
(e.g., Fig. 6D) indicating loss of RNA from the core had an
average width of 126 A˚. The average length of the tubularstructure was more consistent at 94 A˚ and did not vary with
change in the core structure.
Electron cryo-microscopy of non-cell-associated Sindbis
virus at pH 5.3 revealed the development of a protruding
structure at the strict fivefold axis of the outer protein shell
and a filling in of the pentamer at the fivefold axis in the
inner protein shell that may represent the movement of RNA
into this structure (Fig. 3). At pH 5.3, this structural change
would be expected to occur at every vertex. We predict that
receptor attachment would produce the conformational
change at only one of the fivefold vertices. The appearance
of the tubular attachment structure appears to occur at only
one site on virus attached to cells at pH 7.2, and its
significant extension toward the cell surface (94 A˚ long)
A.M. Paredes et al. / Virology 324 (2004) 373–386 381implies that it is the result of a more extensive rearrange-
ment of protein that occurs at pH 5.3, or the structure is
composed of both virus and host components. The host
components may be the cell receptor complex employed by
the virus for infection (Klimstra et al., 2003, 1998; Strauss et
al., 1994). The tubular structure was not seen in virus–cell
complexes at pH 5.3 suggesting that the specific virus–cell
association required for its induction does not occur or
occurs at an undetectable frequency at acid pH.
Fig. 6E shows a reorganization of the virus core in the
direction of the point of contact of the virus with the cell
surface. This reorganization appeared to be limited to one
place in the virus structure and may reflect the flow of RNA
toward the cell surface (compare Figs. 3I to 6E). Figs. 6A and
C–E support the contention that the conformational changes
leading to the formation of the putative pore may occur only
at the vertex engaging the cell receptor during infection.
Attachment of virus to cells at pH 7.2 and 37 jC resulted
in the production of a significant number of virions that
appeared empty (26% compared with 2–3% if cells were
maintained at 4 jC). Some of the empty particles have what
appears as stranded material that extends from the virus
interior to the cell interior (Fig. 6F). The loss of electron
density and the formation of empty particles appear to
destabilize the virus envelope and the empty membranes
are frequently seen distorted (Figs. 6F, G). These empty
particles would not be distinguishable as virus-related
without their ability to bind antibody. It is likely that we
are able to visualize these structures because of the fixation
protocol employed and the stabilizing of the virus structure
by antibody. In an electron microscopy study of cell
infection by Dengue and Japanese encephalitis viruses, Hase
et al. (1989b) found that virions appeared to penetrate
directly at the cell surface and then break up. Their obser-
vations are very similar to those presented here.
We also examined the structure of virus–cell complexes
transferred into pH 5.3 media and into pH 5.3 media
followed by return to pH 7.2. The results of these experi-
ments are presented in Fig. 1. Cell–virus complexes at pH
5.3 had few empty particles (ca 3%) and revealed none of
the structures seen in Figs. 6C–F. Virus–cell complexes
maintained at pH 5.3 did not integrate virus protein into the
cell surface detectable by virus antibody (Fig. 1E). As
indicated in Fig. 1F, virus antigen could be detected inte-
grated into the cell membranes only in experiments in which
cells were placed at pH 5.3 and then returned to pH 7.2
supporting the contention that fusion (in the sense of
incorporation of the virus membrane into the host cell
membrane) of the virus membrane with the cell membrane
only occurred under these conditions.Discussion
The data presented above suggest that Sindbis virus
infects cells by a mechanism involving direct penetrationof the cell plasma membrane as has been proposed for
certain Flaviviruses (Hase et al., 1989a,1989b). This process
does not appear to require exposure to acid pH, the
disassembly of the icosahedral protein shell, or the integra-
tion of the virus-associated membrane into a host cell
membrane. In one of the earliest examinations of the process
of infection by membrane containing viruses, Fan and
Sefton (1978) concluded that Sindbis virus did not infect
cells by a process of membrane fusion. Our data fit nicely
with the results of that study.
The nested protein icosahedral shells that make up the
structure of the alphaviruses are an impediment to the
wholesale fusion of the virus membrane with the cell
membrane, and the research presented above describes the
complex events required for this fusion event to occur (Fig.
1). We have examined the structural changes that take place
in the virion as it is exposed to these conditions by electron
cryo-microscopy. Structural changes seen in the virus recon-
structions were correlated to morphological changes seen in
virus attached to the surface of cells to produce this model.
Although our results lead to a new hypothesis for the
mechanism by which alphaviruses infect cells, it also
provides an explanation of the mechanism by which the
extensively described process of low pH-induced virus
membrane–cell membrane fusion takes place.
The process of alphavirus infection
Fig. 1 clearly demonstrates the conditions under which
alphaviruses can be induced to fuse cells in culture. It is
evident that low pH triggers a rearrangement of the virus
structure (Figs. 3B, E), which can then initiate fusion upon
returning to neutral pH. We found that exposure to pH 5.3
caused the appearance of a prominent protrusion of protein
density at the strict fivefold axis of the Sindbis virion. This
structure was 52 A˚ in diameter and extended 60 A˚ above the
skirt. Thin sections of virus–cell complexes at neutral pH
showed the development of a tubular structure at the vertex
of the virion at neutral pH (Fig. 6). The tubular structure
measured 60 A˚ in diameter and had an average length of 94
A˚. The stresses related to the embedding process could
account for the difference in diameter of the tubular struc-
ture and the fivefold axis protrusion. The increase in the
length, from 60 to 94 A˚, suggests that other factors are
contributing to the formation of the pore during attachment
and penetration. This tubular structure was not seen on virus
attached to cells at acid pH conditions. Acid pH produced
the protruding structure seen, by electron cryo-microscopy,
in virus in solution (Fig. 4). These observations also imply
that the conformational changes leading to the formation of
the tubular structure or pore may involve the participation of
cellular as well as virus components. The cellular contribu-
tion to the pore may include the virus receptor complex.
The observations presented above are remarkably similar
to models published describing the infection of cells by
certain picornaviruses. The structural rearrangements seen at
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very similar to those seen at the fivefold axis of poliovirus
and rhinovirus (Belnap et al., 2000; Hewat et al., 2002),
which are proposed to be induced by receptor binding at
neutral pH. In the case of these viruses, apparently, hydro-
phobic protein domains located around the fivefold axis
respond to interaction with receptor to produce a hydropho-
bic pore in the cell membrane allowing passage of the virus
RNA into the cell interior. The structural change seen in
Sindbis virus by electron cryo-microscopy is induced by
exposure to acid pH, and this structural change is also
similar to results seen with picornaviruses. Giranda et al.
(1992) have shown that exposure of Human Rhino virus to
low pH also produces a conformational change at the
fivefold axis similar to that seen by electron cryo-micros-
copy (Hewat et al., 2002). The structural change at the
fivefold axis of the Sindbis virus protein shell at pH 5.3 may
initiate and participate in the formation of the tubular
structure that develops in virus–cell interaction at neutral
pH (Fig. 6).
That exposure to acid pH may produce structural changes
in Sindbis similar to those that occur as the virus interacts
with a receptor at neutral pH, is supported by studies
examining the exposure of virus protein epitopes by binding
of sequence specific antibodies. It has been demonstrated
that virus–cell complexes formed at 4 jC then warmed to
37 jC, at neutral pH, undergo a conformational change in
virus structure that expose previously internal monoclonal
antibody epitopes (Flynn et al., 1990). These epitopes could
not be detected in free virus or in virus–cell complexes
maintained at 4 jC. It was also demonstrated that these same
epitopes could be exposed by treating virus with low pH
(Meyer et al., 1992). These exposed epitopes were mapped
to specific amino acid residues in E1 and E2 (Meyer and
Johnston, 1993; Meyer et al., 1992). These data support the
notion that conformational changes leading to infection may
occur at the cell surface at neutral pH, and these conforma-
tional changes can be in part mimicked by exposure to acid
pH. Flynn et al. (1990) found that approximately 30% of
virus attached to the cell surface underwent the conforma-
tional change. As indicated above, we found that about 26%
of viruses attached at neutral pH were empty in good
agreement with the data of Flynn et al. Thus, exposure to
acid pH may mimic events that occur as alphaviruses, or
picornaviruses infect cells at neutral pH.
The observations presented above lead to the hypothesis
that Sindbis attachment to the cell plasma membrane may
result in the formation of a pore or channel in the target
membrane (Fig. 6). The E2 glycoprotein, which is respon-
sible for receptor binding, may serve to position the virus
fivefold axis precisely to optimize the (E1)5 interaction with
the cell surface. Such a pore formed by reorganization of the
Sindbis glycoproteins may produce a path for the entry of
virus RNA. It is possible that the density produced by
exposure to acid pH at the fivefold axis is (Fig. 3B)
responsible for creating the pore that is seen in the thinsections at neutral pH (Fig. 6). It is possible that the putative
pore contains both protein and lipid and that exchange of
lipid with the cell membrane can occur in the absence of
disassembly of the icosahedron.
The exposure of alphaviruses to acid pH has been de-
monstrated to result in the formation of trimers of glycopro-
tein E1. It is also possible that trimeric associations of E1
exist in the virus at neutral pH and that these associations
are altered and stabilized by exposure to acid environment
(Gibbons et al., 2000). It has been recently demonstrated
that the ectodomain of Semliki Forest virus E1 or Dengue
virus E can be crystallized as a trimer after association with
cholesterol containing liposomes at acid pH (Gibbons et al.,
2004; Modis et al., 2004). There are 240 copies of the E1
glycoprotein in the alphavirus envelope; basic icosahedral
symmetry predicts that 60 of these are organized around the
fivefold axis. Exposure to acid pH may induce the forma-
tion of a protruding pentamer at the strict fivefold axis as
suggested in Figs. 3 and 4. The remaining 180 E1 proteins
may form trimers. Although the trimeric crystal structures
of E1 ectodomains are produced after low pH and interac-
tion with liposomes (Gibbons et al., 2004; Modis et al.,
2004), Fox and co workers at University of Texas Medical
Branch, Galveston, have found that an ectodomain of the E
protein of Langat virus (an attenuated form of the Flavivirus
TBE) crystallizes as pentamers at acid pH in the absence of
liposomes (R.O. Fox, personal communication). This cir-
cumstance is similar to the production of the pentameric
structure we report in intact virus in the absence of
membranes.
The creation of the pore structure at each of the 12
vertices seen in reconstructions of virus in a low pH
environment (Figs. 3B and 4B) would require the displace-
ment of a significant amount of the lipid bilayer. This
displacement may be accommodated by the expansion of
the particle seen in the low pH reconstruction (Figs. 3B, E).
The tight association between the outer protein shell and the
inner shell maintained by the interaction of E2 with capsid
dictates that any expansion of the outer shell would be
accompanied by an expansion of the inner core. The
expansion of the core at acid pH may be seen in Fig. 3H.
If the conformational changes seen at low pH are also
induced by interaction with a cell receptor at neutral pH,
the changes may only occur at the one vertex engaging the
receptor. The structural alterations at the vertex in contact
with the receptor may induce a wave of conformational
changes in the surface of the virus that are not detected by
thin sectioning. Such changes may expose the protein
epitopes detected in the study of Flynn et al. (1990). The
thin sections of virus–cell complexes at pH 7.2 suggest that
the conformational changes leading to the formation of the
tube occurs at only one site (Figs. 6C–E). Alterations in the
structure of the virus nucleocapsid at acid pH (Fig. 3H) may
represent the transfer of the virus RNA into the developing
pore structure (Figs. 6D–F). In the reconstructions, the
region of the nucleocapsid beneath the (E1)5 structure, for
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This density may be RNA in transition to exit the virus as
seen in thin sections at neutral pH (Fig. 6E). This same
region in reconstructions of virus at neutral pH is empty and
forms a hole in the pentamer at the nucleocapsid’s fivefold
axis (Fig. 3G). The transiently treated virus also shows filled
density within this region (Fig. 3I), indicating that the
transitional state is irreversible.
It is not clear from our studies what role the virus
membrane may play in the formation of the pore structure
seen in Fig. 6. It is possible that the penetration of the
plasma membrane by the structure seen at the fivefold
vertex (Fig. 4) creates a channel through which lipid may
flow to create a lipid lined channel through which the RNA
passes. Such an interaction of virus and host cell lipid could
constitute a membrane fusion event occurring at neutral pH.
In virus–cell complexes exposed to acid pH, such an
interaction could set up the conditions for fusion of the
virus membrane with host cell membrane as the virus–cell
complex is returned to neutral pH conditions, which allow
disassembly of the acid-treated virus protein shell (see
below).
The mechanism for low pH mediated alphavirus
membrane–cell membrane fusion
The ability of alphaviruses to undergo virus membrane
cell membrane fusion has been described in numerous
publications. These observations have been extensively
reviewed (Glomb-Reinmund and Kielian, 1998; Kielian,
1995; Kielian and Jungerwirth, 1990; Strauss and Strauss,
1994; White, 1992). A review of these papers indicates that
the protocol for establishing membrane fusion by alphavi-
ruses routinely involves transient exposure to acid pH fol-
lowed by return to neutral pH. We have found that this
transition is required for the fusion event to occur (Fig. 1).
The inability to produce cell membrane fusion upon exposure
to acid pH is probably related to structural properties of the
virus protein shell. As described above, the alphaviruses are
structurally composed of two stable icosahedral protein shells
one nested within the other. The membrane bilayer is sand-
wiched between these protein shells and the two shells are
linked to one another by protein–protein interactions across
the membrane bilayer. The disassembly of this complex
structure is required for membrane fusion to take place and
does not occur on exposure to acid pH (Anthony et al., 1992).
We have shown that Sindbis, in a pH 5.3 environment (Figs.
3B, E, and 4B), has an intact outer shell, which has undergone
significant conformational changes. At pH 5.3, the disulfide
bonds that stabilize the outer glycoprotein icosahedral shell
(Anthony et al., 1992) are intact and continue to maintain the
icosahedral structure of the virus.
The conformational changes seen in electron cryo-mi-
croscopy of Sindbis virus as it is exposed first to pH 5.3 and
then returned to pH 7.2 may suggest a mechanism for virus-
mediated cell fusion as presented in Figs. 1C, F. When virusattached to the cell surface is exposed to pH 5.3 and
subsequently returned to pH 7.2, the formation, embedding,
and then retraction of the hydrophobic pore structure from
the host membrane may draw the cell membrane close to the
virus membrane. The retraction of the hydrophobic domains
into the virus structure upon return to neutral pH is sup-
ported by the observation that particles exposed to acid pH
readily aggregate but do not aggregate once returned to
neutral pH (see above). At the same time, returning the virus
to pH 7.2 causes the structure to revert partially to the
structure seen in virus maintained at pH 7.2 (Figs. 3C and
4C), except that large fissures are created along the virus
twofold axis (Fig. 3C). The structure of the virion may be
weakened by these fissures. In this conformation and in this
neutral pH environment, the E1 disulfide bonds are avail-
able for cysteine-mediated thiol-disulfide exchange reac-
tions (Feener et al., 1990; Mulvey and Brown, 1994)
allowing the further disassembly of the structurally com-
promised virus glycoprotein lattice (Abell and Brown, 1993;
Anthony et al., 1992). Under these experimental and artifi-
cial conditions, the outer envelope of the virus, held together
by E1–E1 interactions, dissolves allowing cell fusion to
occur. This process would not require interaction with a cell
receptor, only ‘‘sticking’’ to the cell surface. This scenario is
unlikely to occur in the endosomes of infected cells, which
do not provide the neutral pH conditions required for
disulfide reshuffling or for production of the fissures in
the virus structure (Fig. 4C).
The implications of this study for virology
This study suggests a new model for infection of cells by
enveloped viruses whose surfaces are composed of both
icosahedral protein lattices and associated membrane bi-
layers. Both rhinovirus and poliovirus (which have no
membrane) use hydrophobic pores along their fivefold axis
to transmit RNA into the cell (Belnap et al., 2000; Hewat et
al., 2002). The observation of a similar structure at the
fivefold axis of Sindbis suggests that alphaviruses may use a
similar mechanism to achieve membrane penetration for
transfer of the genome from the virus to the host. It may be
that alphaviruses are more related to non-enveloped spher-
ical viruses than to other enveloped viruses in terms of both
structure and the mechanism used to penetrate the host. A
study by Hase et al. (1989b) of the morphological events
accompanying the infection of cells by Japanese Encepha-
litis virus and Dengue virus concluded that these viruses
gain entry by a mechanism of direct penetration of the cell
surface. These investigators found ‘‘no evidence of viral
entry by receptor-mediated endocytosis’’. The Flaviviruses
are also capable of inducing membrane fusion after transient
exposure to acid pH (Stiasny et al., 2002). The recent
conclusions of structural similarity in the Flavivirus E
protein and the alphavirus E1 protein has suggested that
these viruses may use similar pathways of cell infection
(Lescar et al., 2001; Pletnev et al., 2001). We are conducting
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this model.
Finally, the alphaviruses contain several infectious
agents, which are significant human and animal pathogens,
and some have potential as agents of bioterrorism. Strategies
to control virus infection include the development of agents,
which block critical events in the process of infection. An
accurate understanding of the infection process is essential
to the successful pursuit of such a strategy. It is our hope
that this research will lead to a better understanding of this
process for the alphaviruses.Methods
Virus-mediated cell fusion
Sindbis-mediated low pH-induced cell fusion was carried
out as described by Edwards and Brown (1986). Mono-
layers were photographed by phase contrast light micros-
copy as described previously (Edwards et al., 1983).
Virus purification
Sindbis virus was purified according to established
methods published by us and by others (Paredes et al.,
1993; Smith and Brown, 1977).
Electron cryomicroscopy
Electron cryomicroscopy was performed on a JEOL
1200 electron cryomicroscope at 30000 times magnification
and operating at 100 kV. Four hundred mesh copper grids
were prepared first with holey carbon film followed by the
addition of continuous thin carbon.
Previous attempts to produce images of alphavirus at acid
pH have been unsuccessful due to the exposure of hydro-
phobic domains on the virus surface that cause clumping.
This fact limited the imaging of virions to a pH of just above
6.0 (well above the optimal pH of 5.3). In other attempts,
virus was sprayed with an acid solution on the grid surface
as the grid was plunged into the freezing solution. In these
experiments, the end pH was unknown. We developed two
protocols to allow us to image the virus under conditions
where the pH is precisely known.
In preparing the Sindbis precisely at pH 5.3 for electron
cryomicroscopy, we tried to maximize the ‘‘anchoring’’ of
individual virus particles to the thin carbon film over holey
grids without aggregation. Initially, a droplet of the virus
particles was applied to the grid. The droplets of buffers
selected for the wash ranged from pH 7.2 to 5.3 and were laid
on top of parafilm. The grid was then sequentially washed
for 30 s with each decreasing pH buffers (40 mM MOPS,
100 mM NaCl, titrated to the appropriate pH levels). After
treating the virus at the final pH in the series of washes, the
grid was quickly mounted in a freezing plunger and vitrifiedin liquid ethane. In this manner, specimens were prepared
that gave us images of virus at pH 7.2, 6.8, 6.5, 6.3, 6.0, and
5.3 as well as of virus exposed to pH 5.3 and returned to pH
7.2. Although this process allowed us to produce reconstruc-
tions of the virus at pH’s below 6.0, it resulted in a reduction
in the resolution achieved (see below).
We developed a second technique to treat the virus
briefly with acid pH without the precipitation that always
occurs at low pH. To achieve this, we placed a 0.5-ml
aliquot of virus (approximately 2.0 mg/ml) on top of a three-
layered sucrose gradient in a 16  102-mm centrifuge tube.
The bottom layer consisted of 12.5 ml of a 10–30%
continuous sucrose density gradient prepared in 40 mM
MOPS, 100 mM NaCl at pH 7.2. The middle layer consisted
of 1.0 ml of 7.5% sucrose in 40 mM MOPS, 100 mM NaCl
at pH 5.3. The top layer consisted of 1.0 ml of 5% sucrose in
40 mMMOPS, 100 mM NaCl at pH 7.2. Centrifugation was
conducted at 76221  g (relative centrifugal force) at 4 jC
for 8 h. The virus band was collected and dialyzed against
40 mM MOPS, 100 mM NaCl at pH 7.2 overnight. The
specimen was then concentrated by sweating the dialysis
bag in Sephadex resin until a 100- to 200-Al volume was
achieved. This aliquot was then used for electron cryomi-
croscopy. This procedure could not be used to expose virus
to pH 5.3 as the virus clumped after banding in the pH 5.3,
10–30% gradient. This result suggests that when virus is
returned from acid pH to neutral pH, the hydrophobic
domains are again buried. The images produced by the
two techniques were the same. The technique of preparing
transiently exposed virus by passage through a gradient is
important as it produces large amounts of virus that have
been exposed to acid pH in a form that is easily managed in
a variety of chemical and morphological analysis.
Images were recorded on SO-163 Kodak EM film and
developed at 20 jC for 12 min. They were digitized on
either a Perkin–Elmer PDS scanner at 16 Am per pixel or on
a Zeiss SCAI scanner at 14 Am per pixel.
Image processing
For image processing of virus maintained at pH 7.2, eight
micrographs were used ranging in defocus from 1.2 to 2.7
Am. Virus at pH 5.3 was processed from 18 micrographs
ranging from 0.9 to 1.7 Am defocus. For transiently treated
virus, 10 micrographs ranging from 1.5 to 4.0 Am defocus
were used. The contrast transfer function parameters of all
the micrographs were determined using ctfit in EMAN and
X-ray solution scattering data of the virions produced at the
Stanford Synchrotron Radiation Laboratory (SSRL/SLAC).
The parameters were then used to correct the structures
during the final reconstructions (Zhou et al., 2001, 2000).
All images of treated or untreated virus were processed
and reconstructed using hierarchical wavelet transformation
and projection matching according to previously published
protocols (Saad et al., 1999, 2001). This technique is a more
robust and powerful method for determining virus particle
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is a denoising method, which enhances the image contrast
by transforming the image into an approximation compo-
nent (Saad et al., 1999). The initial particle orientation was
estimated by projection matching the wavelet transformed
image with the projection images of a previous model for
virus at neutral pH (Paredes et al., 1993, 1998). The cross
common lines method was then used to refine the original
raw particle images to their near true orientations.
The structure refinement process was successively re-
peated three times to phase out any model bias contributed
by using the untreated virus as an initial model when the
processing of transiently treated and low pH-treated virus
was initiated. The lack of model bias was assured by
comparing all the cross common line phase residuals be-
tween all the raw particle images with the projections from
the continuously updated model. The phase residuals were
definitively better when compared with the projections of
the new model indicating that the data best fit the new
model and not the untreated model. The number of virus
particle images refined was 887 for the untreated, 1441 for
the transiently treated, and 5284 for the virus at pH 5.3. The
best resolution of the untreated virus was 25 A˚ according to
a criterion of 0.5 threshold of the Fourier shell correlation of
two independent reconstructions. The transiently treated
virus achieved 28 A˚ and the low pH-treated virus achieved
26 A˚ resolution using the same criterion. The numbers of
particle images used in the reconstruction for equivalent
resolution are higher in the treated virions than the untreated
virions mostly because the icosahedral symmetry of the
treated particles was not as highly preserved. All maps
displayed in this study were contrast transfer function
corrected and reconstructed to the same resolution of 28 A˚
using the original particle images by Fourier Bessel analy-
sis. The maps were graphically displayed on SGI work-
stations using the Explorer software package.
Transmission electron microscopy
Cell monolayers were fixed with paraformaldehyde as
described in results. Subsequently, the cells were fixed with
3% glutaraldehyde (Ladd Research Industries, Inc. Willi-
ston, VT) in 0.1 M cacodylic acid buffer, pH 7.4 (Ladd
Research Industries) at 4 jC. The cells were washed three
times with 0.1 M cacodylic acid, the cells were stained with
2% osmium tetroxide in cacodylic buffer for 1 h. Cells were
then washed as before and embedded in 2% agarose. The
agarose containing the cell sample was then prestained with
1% uranyl acetate (Polaron Instruments, Inc, Hatfield, PA)
overnight at 4 jC. The samples were washed and carried
through ethanol dehydration. Infiltration was done using
SPURR compound (LADD Research Industries). Blocks
were then trimmed on an LKB NOVA Ultrotome (Leica
Microsystems, Inc. Deerfield, IL). Ultrathin sections were
then obtained and were stained with 5% uranyl acetate in
distilled water for 60 min and in Reynolds lead citrate, pH12 (Mallinkrodt Baker Inc. Paris, KY) for 4 min. The
samples were examined at 80 kV in a JEOL JEM 100S
transmission electron microscope.Acknowledgments
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